Summary Brown adipose tissue (BAT) glucagon level was higher in coldacclimated rats (CA) than in warm controls (WC). Noradrenaline (NA) injection increased BAT glucagon levels in both WC and CA with increases in plasma glucagon levels. The magnitude' of increase was significantly greater in CA for plasma glucagon, while it did not differ for BAT between groups. However, BAT glucagon was kept at a higher level in CA after NA injection than in WC.
Enhanced nonshivering thermogenesis (NST) is a distinctive feature of metabolic cold acclimation, especially in small mammals such as rats and guinea pigs, and mainly regulated by the sympathetic noradrenaline (NA). Its maximal capacity can be appreciated by administration of a certain dose of NA (40,ug/100 g) in the rat (JANSKY, 1973) . Pancreatic glucagon has also been claimed to be involved in the regulation of this specific heat production during cold acclimation (KUROSHIMA et al., 1984) . Recently it was interestingly noted that glucagon was released when NST was stimulated by NA and its degree was significantly potentiated in the coldacclimated rats (KUROSHIMA et al., 1988) . Thus this finding suggests that glucagon released by NA would participate, at least in part, in an enhanced NST during cold acclimation in concert with NA.
It is now well established that the major site of NST is brown adipose tissue (BAT) (FOSTER and FRYDMAN, 1979) and BAT is a target tissue for glucagon (KUROSHIMA and YAHATA, 1979) . Glucagon concentration is evidenced to be much higher in BAT than in plasma, especially in the cold-acclimated animal (YAHATA and KUROSHIMA, 1987) . Therefore, if glucagon would exert its thermogenic effect through BAT as a target tissue, this tissue would uptake glucagon from circulation when NST is stimulated by NA. The present study was carried out to test this point of view.
Male Wistar rats (Shizuoka Laboratory Animal Center, Hamamatsu), aged 7 weeks, were divided into warm controls (25+ 1°C, 50% RH) (WC) and coldacclimated group (5± 1 °C) (CA). They were housed five per cage for WC and one for CA under controlled lighting from 07:00 to 19:00. Food (Oriental MF, Oriental Yeast Co., Ltd., Tokyo) and tap water were available ad libitum. After 4 weeks they were used for the experiment. The CA were placed in the control temperature of 25°C 18 to 20 h before NA or saline injection.
The animals were injected i.p. with either L-NA hydrochloride (Hoechst; 40µg/ 100 g in volume of 0.1 ml) or the same volume of saline during the morning from 09:00 to 11:00. Blood was collected from the trunk by decapitation into the heparinized beaker at the designated times after the injection. One ml of blood was centrifuged with 0.1 ml (1,000 U) of trypsin inhibitor aprotinin and trace amount of EDTA-Naz, and the separated plasma was stored at -30°C till its glucagon concentration was determined. Interscapular BAT was dissected out, cleared from other tissues, and stored at -70 °C. The frozen BAT was homogenized in 5 vol. of 0.01 N HC1-saline with aprotinin and EDTA-Naz with the high-performance Fig. 1 . Changes in the plasma glucagon levels after noradrenaline injection (the left figure) and the 95°c confidence interval of increase with mean (the right figure) . NA, noradrenaline; ----and , warm controls; and , cold-acclimated rats; 0, saline-injected group; •, NA (40 µg/ 100 g)-injected group. *, **, and *** Significantly different from the initial level , p<0.05, 0.01, and 0.001, respectively. #, ##, and #" Significantly different from the respective warm control, p <0.05, 0.01, and 0.001, respectively. Each point and column indicates the mean of 8-10 rats. Vertical bars indicate standard errors of the mean.
ultradisperser. The homogenate was centrifuged and the extract supernatants were kept at -30 °C. Plasma and BAT glucagon were determined with glucagon RIA kit (Daiichi Isotope Lab., Kyoto). The results were analyzed by Student's t-test and 95% confidence interval of the changes. Figure 1 shows the changes in plasma glucagon levels after NA injection. The result was essentially the same as reported previously (KUROSHIMA et al., 1988) . The initial level was significantly lower in CA. Plasma glucagon levels increased significantly during 10 to 20 min after the injection of NA. As indicated in the right panel of Fig. 1 , the magnitude of increase in plasma glucagon level induced by NA was significantly greater in CA as compared with that in WC at 20 and 40 min after the injection as assessed by 95% confidence interval. It was noted in the present study that plasma glucagon level was restored to the initial level in WC during the experimental period for 40 min, while it remained still higher than the initial level in CA. This finding, together with the previous one (KUROSHIMA et al., 1988) clearly indicates an enhanced action of NA on glucagon release, suggesting a possible involvement of this pancreatic hormone secreted by NA in an enhanced NST in concert with NA during cold acclimation.
As shown in Fig. 2 , BAT glucagon level was significantly higher in CA than in WC. The result confirmed our previous studies (HABARA and KUROSHIMA, 1983; YAHATA and KUROSHIMA,1987) . These tissue glucagon levels significantly increased, figure) and the 95% confidence interval of increase with mean (the right figure) . Symbol legends are the same as in Fig. 1 .
not necessarily parallel, especially in WC, with the increase of plasma glucagon after NA injection (Fig. 1) . The cause for the nonparallelism observed in WC remains unknown, but a different turnover of glucagon between plasma and BAT may be involved (YAHATA and KUROSHIMA,1987) . It was also noted that glucagon levels in BAT were significantly higher in CA after NA during the experimental period. However, the increase of glucagon level as assessed by 95% confidence interval did not differ between WC and CA (the right panel of Fig. 2) . In any event, the result suggests that the NA-induced increase in plasma glucagon did increase BAT level of this hormone, indicating that glucagon exerts a thermogenic action through its higher level in BAT as a target tissue. In CA the magnitude of uptake did not differ from that in WC, but it was worth noting that the higher tissue level in CA was further increased with the increased plasma glucagon after NA, remaining higher during the experimental period than in WC. NA-induced increase was potentiated in CA for plasma glucagon, but not for BAT glucagon. Some explanations may be pertinent to this discrepancy. Our previous study demonstrated that heat production due to glucagon is significantly enhanced by cold acclimation in whole body and in BAT as well (Doi and KURCSHIMA, 1982a, b) . The same extent of glucagon increase, therefore, could result in more heat production in cold-acclimated BAT, contributing to an enhanced NST. We also suggested that the turnover of glucagon is enhanced by cold acclimation (YAHATA and KUROSHIMA, 1987) . Thus, BAT glucagon levels after NA may not reflect an actual amount of glucagon taken up by this tissue in CA, showing less value than that taken up by BAT. Figure 3 shows the relation of plasma glucagon to BAT glucagon levels as a whole in all experimental conditions of the present study. The relation was not significant for each group, but these two parameters presented significant positive correlation. This result also suggests that BAT is a target organ for glucagon, and glucagon serves as one of the thermogenic factors acting upon BAT.
